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Summary 
In neurons, tubulin is synthesized only in the cell body 
or dendrites, yet the growing axon requires a steady 
supply of this protein at the growth cone. Hence, some 
mechanism must exist to move tubulin from the cell 
body to the growth cone. Transport could conceivably 
occur by simple diffusion, translocation of polymer, 
or some form of monomer or oligomer transport. Evi- 
dence for all these has been presented in a variety of 
experimental systems. We have directly studied the 
movement of microtubules in 12 growing axons in live 
grasshopper Til neurons in their natural environment 
by labeling the polymer with a caged fluorophore, bis- 
caged fluorescein. No evidence of polymer transport 
was found. Hence, tubulin movement in these neurons 
must occur by movement of monomeric tubulin, either 
by transport or diffusion. To resolve these conflicting 
views, we discuss the conditions under which diffu- 
sion is feasible as a transport mechanism. 
Introduction 
Perhaps the most unique attribute of neurons is their highly 
polarized shape. Indeed, measurements of neuronal mor- 
phology of cat ~ motor neurons have shown that 99.6% 
of the cytoplasm of the cell is in nerve processes, with 
99.7% of this in axons (Cullheim et al., 1987). Further- 
more, all or most of the protein synthetic machinery is 
located in the cell body and dendrites (Karlsson and Sjo- 
strand, 1971). For axons, this generates a rigid constraint, 
namely that the vast majority of newly synthesized protein 
must be transported from the cell body to the location of 
the protein's action in the axon, growth cone, or synapse. 
Direct studies of the molecular components of this axo- 
nal transport have revealed that it is heterogeneous both 
in the proteins transported and in the kinetics of transport. 
One can resolve five kinetic classes of axonal transport 
(Vallee and Bloom, 1991). Fast axonal transport comprises 
classes I and II, with the polypeptides in class I being 
carried at 100-400 mm/day and those of class II at 20- 
70 mm/day (Grafstein and Forman, 1980). Three slower 
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classes exist, a broadly defined class III at 3-20 mm/day 
and the more specifically described slow component 
classes, slow component a (SCa) and slow component b 
(SCb). 
These slow components are thought to be the kinetic 
phases in which transport of the cytoskeleton, including 
tubulin, occurs (Black and Lasek, 1980). They transport 
proteins at 0.1-4 mm/day. They were defined in retinal 
ganglion cells, where bulk proteins were labeled by injec- 
tion of radiolabeled amino acids into the eye, followed by 
serial dissection of the axonal segments of the optic nerve 
and tract. It was found that tubulin was transported in SCa 
as a coherent, nondiminishing phase of radiolabeled pro- 
tein that moved over tens of days from the eye along the 
axon. Interestingly, tubulin was transported coherently 
with the three neurofilament proteins. It was proposed that 
microtubules and neurofilaments were transported as as- 
sembled polymers as a cohesive cytoskeletal network. 
More recently, a series of experiments has taken advan- 
tage of newer technology to visualize microtubules in ax- 
ons directly and to ask if they move as axons elongate. The 
first attempts at this visualization used photobleaching of 
fluorescent dye covalently linked to tubulin (Keith, 1987; 
Lim et al., 1989, 1990; Okabe and Hirokawa, 1990). These 
experiments loaded neurons with fluorescein-labeled tu- 
bulin and allowed the introduced tubulin to incorporate 
into existing microtubules. A photobleach mark was then 
made in the axon, and the movement of the mark was 
imaged as the neuron grew. As expected, the mark slowly 
faded as microtubules turned over; photobleached tubulin 
was gradually replaced with fluorescent subunits. One 
study found that the mark translocated (Keith, 1987); how- 
ever, the remaining studies found that there was no mark 
translocation and concluded that tubulin is transported as 
a monomer and assembled into polymers at the growth 
cone or distal axon. 
However, worries about the generation of activated oxy- 
gen species during photobleaching led to the development 
of a novel photoactivation technique (Mitchison, 1989). 
This technique uses a caged fluorescein coupled to tu- 
bulin. The fluorophore is not fluorescent until it has been 
photoactivated by ultraviolet light. The photoactivation of 
caged fluorescein is more efficient than photobleaching 
and, in addition, does not lead to the generation of acti- 
vated oxygen radicals (Sawin et al., 1993). The intent of 
these experiments was the same as the photobleaching 
experiments, i.e., to follow polymer transport by making 
a fluorescent mark on axonal microtubules. Initial experi- 
ments in Xenopus laevis motor neurons found that not 
only did the photoactivation mark fade, as expected due 
to turnover, but it also translocated proximodistally as the 
axon grew (Reinsch et al., 1991). It was concluded that, 
in this system, tubulin was transported as intact polymers. 
In contrast, when the same technique was used in mouse 
dorsal root ganglion (DRG) cells, the photoactivation mark 
did not move (Okabe and Hirokawa, 1992). 
It is unknown why these two experiments gave conflict- 
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Figure 1. Photoactivation of the Til Pioneer Neuron Axon 
The neuron is extending along the coxa boundary and has been la- 
beled with rhodamine-tubulin (red). A photoactivation mark on the 
mierotubules was made and can be visualized as a green mark on 
a red background in this pseudocolored image. Note that the mark 
represents a small fraction of the axonal microtubules. Bar, 20 p_m. 
ing results, or why those experiments that do not see trans- 
location conflict with the older radiolabeling experiments. 
To examine this question and the nature of axonal trans- 
port further, we turned to the Til pioneer neuron in the 
grasshopper embryonic limb. This system allows one to 
manipulate and image the neuron while leaving it accessi- 
ble to the natural in vivo cues for axonal growth and guid- 
ance (Bentley and O'Connor, 1992). In this way, the axon 
would grow at close to in vivo rates, and its growth rate 
would be regulated by in vivo cues. We injected the Til 
pioneer neuron cell body with a mixture of rhodamine- and 
caged fluorescein-labeled tubulin and, after allowing the 
tubulin to incorporate into existing microtubules, photoac- 
tivated a region in the axon. We find no evidence for micro- 
tubule polymer translocation and discuss the findings in 
light of the literature on axonal transport and the physical 
limitations imposed by diffusion. 
Results 
We observed the Til axons as they extended along a dis- 
sected limb epithelium that was bathed in culture medium, 
a limb fillet preparation. As with previous experiments, 
neither the dissection and manipulation of the limb, the 
injection of the cell body, nor the imaging of the neuron 
significantly affected the rate of axonal growth or the guid- 
ance of the growth cone (O'Connor and Bentley, 1993; 
Sabry et al., 1991). The cells were injected with a mixture 
of rhodamine-conjugated and C2CF-conjugated tubulin. 
After a waiting period of 1-4 hr, we photoactivated a small 
region of the axon and imaged the resultant fluorescent 
mark as the axon grew. Most if not all of the microtubules 
in the axon incorporated labeled subunits during the first 
hour after injection. This was suggested by the fact that 
there was no increase in the axonal fluorescent signal after 
photoactivation 1-4 hr after injection. As the CCD camera 
response is linear with respect to fluorescent concentra- 
tion over a wide range of intensities, any major increase 
in label incorporation would have resulted in a measurable 
increase in fluorescent intensity. Measurements of the in- 
tensity of the photoactivated mark were taken for many 
minutes after photoactivation, with no major decrement 
in signal intensity, suggesting that little of the fluorescent 
signal was present as freely diffusible monomeric tubulin. 
Furthermore, in certain regions of the axon and in the 
growth cone, individual microtubules can be resolved. We 
noticed no increase in the number of microtubules in these 
regions between 1 and 4 hr. This suggests that most of the 
microtubules were labeled in the first hour after injection of 
the labeled tubulin. However, it remains possible that a 
small population of long-lived microtubules did not incor- 
porate the labeled tubulin. 
In the case of dextrans, the cell was injected and then 
imaged after a waiting period of tens of minutes for those 
dextrans between 3 and 70 kDa. For the 2000 kDa dextran, 
the waiting period was extended to 1 hr. 
The injected rhodamine-labeled tubulin flowed down the 
axon as a homogeneous wave of fluorescence. No fluores- 
cence was found outside the injected neuron. Further. 
more, fluorescence generated by photoactivating C2CF- 
tubulin or dextran was also found only in the injected cell. 
As the Til cell is linked to its ister neuron by gap junctions, 
this suggests that no appreciable low molecular weight 
fluorophore was generated in the cell. 
Microtubules Do Not Translocate in Til Neurons 
We measured the movement of photoactivation marks in 
12 neurons. The marks were made at various places in 
the axon, ranging from near the cell body to near the 
growth cone. Figure 1 shows a pseudocolored image of 
a neuron with a photoactivation mark in the axon. The red 
signal represents a measure of all labeled microtubules 
in the cell, labeled with rhodamine-tubulin, and the green 
mark represents those microtubules where C2CF was 
photoactivated. The mark could be resolved for 30-420 
rain, depending on the neuron, and then gradually dimin- 
ished in intensity until it was indistinguishable from back- 
ground fluorescence. Of those 12 Til neurons studied, 10 
extended their axons during the duration of imaging. The 
average length of growth during the study was 25.4 I~m. 
The remaining 2 neurons had no net growth during the 
imaging, but the growth cone did change shape, indicating 
that the neuron was indeed alive. This pausing of Til axo- 
nal growth has been commonly observed (O'Connor et al., 
1990; Sabry et al., 1991). 
Furthermore, in all neurons studied, the growth cone 
morphology and microtubule arrangement were similar to 
that observed previously (O'Connor et al., 1990; Sabry et 
al., 1991). As growth cone microtubule distribution and 
morphology are sensitive measures of cell health, we feel 
that the photoactivation and imaging had no adverse ef- 
fects on the neuron. This suggests that there was no mea ~- 
surable photodamage of the neuron due to photoactivation 
or imaging, which is consistent with earlier studies that 
showed imaging of larger populations of fluorescent micro- 
tubules in the Til pioneer neuron did not damage the cy- 
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Figure 2. Photoactivation Marks Do Not Trans- 
locate in Growing Til Axons 
The axon in (b) was photoactivated, and the 
spot is shown in (a) (arrowhead). At t = 430 
rain, the axon has grown -40 p.m and made 
a stereotyped turn (d), but the photoactivation 
mark has not moved (c, arrowhead), indicating 
that the microtubules have not translocated. 
The scale is the same as that in Figure 1. 
toskeleton as assessed by electron microscopy (Sabry et 
al., 1991). 
In all neurons, no measurable translocation of the photo- 
activation mark was seen. Figure 2 shows an example of 
a neuron that grew by 35 p.m during the experiment. Fig- 
ures 2b and 2d are rhodamine-tubulin images showing 
the extent of microtubules in the cell at the beginning (Fig- 
ure 2b) and end (Figure 2d) of the experiment. It is clear 
that the neuron made a turn during the experiment. Fig- 
ures 2a and 2c show the photoactivation spot at times 
corresponding to those in Figures 2b and 2d, respectively. 
The photoactivation mark (Figures 2a and 2c, arrowheads) 
does not translocate, even though 35 p,m of new axon has 
formed during the imaging epoch. 
The behavior of the photoactivation spot was quantified 
by measuring the fluorescence intensity along the length 
of the axon. The proximal axor is marked as 0. This is 
noted at the time of photoactivation, and the same refer- 
ence point is used for all the subsequent profile measure- 
ments. These measurements generate intensity profiles 
such as those shown in Figure 3. In the top panel, the 
thick, jagged line represents the fluorescence intensity 
measured on the image at the time of photoactivation 
(t = 0). This intensity can be approximated by a single 
Gaussian curve represented by the smooth, thin line. At 
no time point in any experiment was the photoactivation 
curve best fit by multiple Gaussian curves. We defined 
the center of the photoactivation mark as the peak of the 
Gaussian fit. As time proceeds, the profile widens and the 
peak decreases in value, as shown in Figure 3. The initial 
(t = 0) profile is included at every time point as the dotted 
curve. For all neurons, the average rate of forward move- 
ment of the photoactivation mark centers was 0.322 _ 
3.77 p.m/hr. For those neurons with measurable growth, 
the average rate of growth cone extension was 13.5 _ 
11.4 p,m/hr. As the rate at which axons elongated was 
quite variable, we calculated the rate of photoactivation 
mark movement as a percentage of the rate of growth 
cone extension for each neuron and found it to be -4.2% 
_ 39%. Hence, we conclude that there was no net move- 
ment of the photoactivation mark as the axon grew in 
length. 
We also investigated the translocation of photoactiva- 
tion marks in 2 neurons whose growth cones were active, 
but in which no axonal growth occurred. This is a common 
occurrence in normal neuronal growth. Figure 4 shows an 
example of this group of neurons. Figures 4a and 4b show 
the rhodamine-tubulin mages at the beginning and end 
of the experiment, confirming that no net growth has oc- 
curred. Figures 4c-4f show the photoactivation mark at vari- 
ous times during the experiment. No mark translocation was 
noted. The average rate of photoactivation mark movement 
in these experiments was 0.608 _ 1.64 p.m/hr. 
Caged Fluorescein Dextrans Diffuse in Til Neurons 
To assess the capacity of diffusion to supply tubulin to 
growing neurons, we attempted to measure the rates of 
movement of rhodamine-labeled tubulin, but found that 
the injection perturbed the simple diffusion kinetics in 
these short axons. Hence, we measured the diffusion coef- 
ficients of various C2CF-labeled dextrans in Til neurons 
as a close approximation of the diffusion of monomeric 
tubulin. The advantage of dextrans is that they are thought 
not to interact with cytoplasmic structures and hence 
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Figure 3. Intensity Profiles of Photoactivation Marks 
The experiment inFigure 2 was analyzed by measuring the pixel inten- 
sity along the axon with a curvilinear line that followed the center of 
the axon. Time 0 corresponds to Figures 2a and 2b, and t = 430 rain 
corresponds to Figures 2c and 2d. The initial intensity profile at t = 0 
is reiterated inthe subsequent graphs as a dotted line to allow compari- 
son. There is no evidence for translocation ofthe intensity profile• 
would give a cleaner measurement of diffusion coeffi- 
cients (Luby-Phelps et al., 1986). Although not perfect, the 
70 kDa dextran, being an elongated branched polymer, 
is likely to approximate the diffusion characteristics of the 
110 kDa tubulin dimer (Basedow and Ebert, 1979). These 
experiments were so brief in duration that no net growth 
of the neuron could be resolved. Measurement of the diffu- 
sion of dextrans between 3 and 40 kDa was impossible 
with the equipment used, as the diffusion was faster than 
the fastest possible imaging frequencies. We imaged 7 
neurons filled with 70 kDa C2CF and 4 neurons filled with 
2000 kDa C2CF-dextran. 
Figure 5 shows an example of such an experiment with 
a 70 kDa dextran. In this experiment, the dextran was 
photoactivated inthe cell body, and the movement of dex- 
tran down the axon was imaged. The time between the 
top and bottom panels was 24 s. As expected, the move- 
ment of dextrans howed kinetics suggestive of a diffusive 
process, i.e., the distance traveled was proportional to the 
square root of the time. The apparent diffusion coefficient 
for the 2000 kDa dextran was 0.4 _ 0.05 p.m2/s, and that 
for the 70 kDa dextran was 8 __ 1.1 p.m2/s. These results 
are similar to values published for diffusion of dextrans in 
Xenopus neurons, suggesting that the apparent viscosity 
of nerve cytoplasm is similar in the two systems (Popov 
and Poo, 1992). 
Discuss ion  
The development of the nervous system is unique in that 
not only must cells proliferate and differentiate into a myr- 
iad of neurons and glial cells, but neurons must then ex- 
tend dendrites and axons over long distances to make 
synaptic connections with their targets. Indeed, it is this 
phenomenon of axonal (and dendritic) growth and guid- 
ance that is the cornerstone of nervous system devel- 
opment. 
There is much evidence that the rate at which neurons 
grow may be regulated for biological reasons; i.e., neurons 
may grow at different rates so as to arrive at their targets 
within a specific window of time. For instance, in the devel- 
oping neocortex, growth cones stall in the subplate layer 
and wait until target cells in the cortex proper are born 
(Shatz et al., 1988). In the embryonic brainstem, axons 
from different cranial nuclei grow out at different rates so 
that they can reach their targets at the same time (Davies, 
1989). 
The mechanism of this regulation of axonal outgrowth 
is not known, but given that microtubules form the major 
structural components of axons, it is likely that the axonal 
transport of tubulin is affected either directly or indirectly 
by cues in the environment. We have chosen a biological 
system that maintains in vivo guidance and growth cues to 
measure microtubule translocation directly during axonal 
growth. 
Microtubu les  Do  Not  T rans locate  
in the  T i l  P ioneer  Neuron  
The embryonic grasshopper limb is a tubular structure. 
The neurons born earliest are the Til pioneer neurons, 
which form from cells in the distal tip of the limb, delami- 
nate from the epithelial monolayer that forms the outer 
surface of the tube, and then send axons proximally along 
a stereotyped pathway to putative targets in the central 
nervous system (Bentley and Keshishian, 1982). 
The environmental cues that dictate growth and guid- 
ance of this axon in vivo are preserved in the embryonic 
limb fillet preparation used for these experiments (Lefcort 
and Bentley, 1987). This allows one to inject fluorescently 
labeled molecules into the cell body of the Til neuron 
and to image the axon or growth cone as the neuron is 
influenced by natural in vivo guidance cues. Given that a 
neuron may respond to many in vitro cues in ways that 
do not occur in the embryo, this approach has the advan- 
tage that the mechanisms used to control guidance and 
growth are likely to be very important in the developing 
embryo. For instance, when examining the rearrangements 
of microtubules in the growth cone during steering events, 
many different behaviors are seen when neurons turn at 
artificially constructed substrate boundaries in vitro (Ta- 
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Figure 4. Photoactivation Marks Do Not Trans- 
locate in Nongrowing Til Axons 
This neuron did not grow, although the growth 
cone branches and microtubule arrays 
changed shape (compare [a] nd [b]). (a) Rho- 
damine-tubul in att = 0; (B) rhodamine-tubulin 
att = 105 min; (c) fluorescein-tubulin att = 0 
(corresponds to [a]). The photoactivation mark 
can be seen. Fluorescein images show no 
movement of the photoactivated spot at t = 48 
rain (d), 68 rain (e), and 105 min (f). 
naka and Kirschner, 1995). Of these behaviors, only a 
select few are used in the deveioping embryo (Sabry et 
al., 1991). Hence, we feel that using this more complicated 
biological system has advantages for investigating the 
mechanism of axonal growth. 
We studied neurons that underwent no axonal growth 
as well as those that grew and were guided during the 
experiment. We find no evidence for microtubule polymer 
translocation in any of the cells studied. Given that the 
intensity of the activated caged iluorescein has a certain 
amou nt of noise to it, is it possible to say with what certainty 
we can exclude polymer movement? For instance, if some 
of the fluorescent polymer were moving very slowly, say 
at 10% of the rate of growth cone movement, we could 
not detect it in this assay, as the fluorescence would decay 
before any appreciable mark translocation would occur. 
However, we have a good measure of the ratio of mark 
translocation to growth cone movement in Xenopus motor 
neurons, where mark translocation is known to occur 
(Reinsch et al., 1991). In that system, for marks made near 
the growth cone, the mark translocates at -90% of the 
rate of growth cone movement. As the mark is made nearer 
to the cell body, this ratio decreases linearly. We applied 
this statistic to the marks we made on the Til neuron and 
asked whether these experiments could detect a subpopu- 
lation of microtubules moving at that rate. 
To test whether a population of moving microtubules 
could be detected over the noise in the system, we artifi- 
cially added a moving component o the intensity profiles 
shown in Figure 3. The original photoactivation intensity 
profile approximates a single Gaussian curve. The hypo- 
thetical moving population was made by adding a second 
curve (and decrementing itto the same extent as the origi- 
nal to account for microtubule turnover and photobleach- 
ing of the fluorophore) of the same shape, but of a variable 
percentage of the area of the original. The second curve 
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Figure 6. AnalysisofaHypotheticalMovingSubpopulationofMicrotu- 
bules 
The intensity profile of Figure 3 at t = 280 min is shown with an 
artificially added moving component representing 15% of the area of 
the original curve. The resultant curve is best fit by the two Gaussian 
curves shown with a ;~2 value of 11.56. 
Figure 5. Diffusion of a 70 kDa Dextran in a Til Pioneer Neuron 
The C2CF caged 70 kDa dextran was photoactivated in the cell body 
and imaged as the dextran diffused own the axon. The time between 
the first and last images i 24 s. Bar, 10 pm. 
was located distal to the data curve by the distance calcu- 
lated using the measured growth cone growth rate and 
the ratio statistic from Xenopus neurons (Figure 6). The 
data curve is a simple arithmetic sum of the original inten- 
sity profile (arrow) and a hypothetical moving component 
representing 15% of the original (arrowhead). The curve 
is best fit with the two Gaussian curves shown as dotted 
lines, one peaked with the original stationary curve (curve 
b) and one with the moving component (curve a). By de- 
creasing the size of the hypothetical moving component, 
we can ask when it is undetectable given the noise of the 
intensity profiles. We find that it is impossible to resolve 
a moving population that represents 10% of the microtu- 
bules; i.e., the resultant curve is best fit by one Gaussian 
curve. If the area is increased to 15% of the original area, 
the resultant curve is fit closer by two Gaussian curves 
(i.e., ~2 multiplied by the number of degrees of freedom 
is smaller for two Gaussian curves than for one), sug- 
gesting that there would be two populations of microtu- 
bules, one moving and the other stationary. As all of the 
intensity profiles in both growing and nongrowing axons 
are best fit by single Gaussian curves, we can conclude 
that at least 90% of the microtubules are stationary. 
This result is in contrast with previous photoactivation 
studies in Xenopus motor neurons in vitro but in agree- 
ment with studies in mouse DRG cells in vitro (Okabe and 
Hirokawa, 1992; Reinsch et al., 1/,991). What could account 
for the conflicting results seer~ with these experiments, 
which all use similar techniques? There are a number of 
possibilities. First, the Xenopus neurons grow 3-6 times 
faster than the mouse DRG neurons and 10-15 times 
faster than the Til  pioneer neurons in situ. Indeed, the in 
vitro growth rates of Xenopus motor neurons are 3-8 times 
as fast as the in vivo growth rates for the same neurons 
(Jacobson and Huang, 1985). It is possible that the faster 
growing neurons transport ubulin as a polymer, whereas 
the more slowly growing ones do not. 
Second, it is possible that different populations of micro- 
tubules were labeled in the different experiments. For in- 
stance, in the mouse DRG and Til experiments, the la- 
beled tubulin was injected into the cell and incorporated 
into most of the microtubules in the axon. This has been 
confirmed by electron microscopy in mouse DRG cells in 
vitro (Okabe and Hirokawa, 1992) and by fluorescence 
intensity in the Til  neuron (Sabry et al., 1991). However, 
it is possible that a small population of microtubules was 
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Table 1. Axonal Lengths at Which Diffusion Fails to Supply Enough Tubulin 
Length at Which Actual Length 
Growth Rate Required F lux  Diffusion Fails at Which Rate 
Neuronal Type (p.m/hr) (x 10 -1° mg/hr/p_m 2) (p~m) Measured (p.m) Reference 
In vivo: 
Grasshopper Til pioneer 13 2.8 100 100 
Grasshopper commissural Q1 B 1.8 161 60 
Rat cornmissural spinal cord 15.7 3.7 78 400 
Mouse retinal ganglion cells 30 6.6 44 150 
Hamster cortical callosal neurons 44.7 9.8 30 2000 
Xenopus motoneurons 31 6.8 43 110 
Xenopus trigeminal neurons 64 14 21 900 
Mouse trigeminal neurons 21 4.6 63 300 
Xenopus retinal ganglion cells 54 11.8 25 250 
In vitro: 
Adult mouse 29 6.4 45 200 
Xenopus 155 34.1 8.5 70 
Myers and Bastiani, 1993 
Bovolenta nd Dodd, 1990 
Stretavan and Reichardt, 1993 
Halloran and Kalil, 1994 
Jacobson and Huang, 1985 
Jacobson and Huang, 1985 
Davies, 1987 
Harris et al., 1987 
Okabe and Hirokawa, 1992 
Reinsch et al., 1991; Okabe 
and Hirokawa, 1992 
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Figure 7. Axonal Lengths at Which Tubulin Diffusion Fails to Supply 
an Appropriate Flux of Tubulin 
Given the experimentally derived rates of axonal elongation, one can 
estimate the required tubulin flux and the lengths at which diffusion 
fails to supply tubulin at a sufficient rate to maintain growth (see Experi- 
mental Procedures for details). 
not labeled in these later experiments and that the popula- 
tion was moving. This would imply that neurons have both 
moving and stationary microtubules. This would not ex- 
plain, however, why a stationary component was not seen 
in the Xenopus experiment where all microtubules in the 
cell are labeled (the label is introduced to the embryo at 
the 2 cell stage and, hence, is present in the neuron from 
birth). It would also not explain why uniform labeling of 
microtubules with fluorophore was seen in the mouse DRG 
by immunoelectron microscopy (Okabe and Hirokawa, 
1992). 
A third possibility is that the rapid growth rate in Xenopus 
neurons results in a pulling of the axonal structure. This 
might explain why microtubules, membrane lipid, and 
membrane proteins all move at the same rate in this sys- 
tem (Okabe and Hirokawa, 1992; Popov et al., 1993). AI- 
though there is a net increase in axonal volume in the 
Xenopus neurons, if there existed a background level of 
pulling, then photoactivation spot movement would occur 
independently of whether monomers or polymers were 
being translocated relative to the cell body. If this were 
true, then measuring spot translocation in more slowly 
migrating Xenopus motor neurons might resolve the issue. 
This is based on the assumption that more slowly growing 
neurons such as the Til cell and mouse DRG cells do not 
generate enough tension to tow their axon behind them. 
The original experiments on the axonal transport of tu- 
bulin were done by measuring the rate of movement of 
radiolabeled protein from the cell body to the synapse. 
This was accomplished by cutting up the nerve into small 
segments and chromatographing the proteins in each seg- 
ment. The density of the 50 kDa tubulin band was found 
to be distributed as a wave along the length of the axon. 
The rate of movement of tubulin was defined as the rate 
of the peak of that wave. It was found that the peak moved 
at a constant rate, and that the amplitude of the wave did 
not diminish over 77 days during the movement. This was 
carried out in neurons that were not elongating and that 
had already formed mature synapses. It is not clear what 
relation this rate has to the axonal transport of polymer 
seen in Xenopus or to the lack of polymer movement seen 
in the Til neuron or mouse DRG. The microtubules in the 
radiolabeling experiments were extremely stable, and the 
fact that any photoactivation or photobleach mark turns 
over in a matter of a few hours at the most suggests that 
these experiments may be examining two different, possi- 
bly unrelated phenomena. 
The Physical Limitations of Diffusion 
for Tubulin Transport 
If tubulin is not being transported as a polymer, then it 
must be moving in a monomeric or oligomeric form. Since 
this should be true for the grasshopper Til neuron, we 
were interested in whether simple diffusion would be a 
plausible mechanism to explain tubulin movement. Diffu- 
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sional movement of tubulin in an axon should be a one- 
dimensional, random walk described by x 2 -- 2Dt, where 
x is the distance traveled, D is the diffusion coefficient, 
and t is the time taken to travel distance x. If diffusion 
were the principal mechanism of tubulin movement, for 
the axon to elongate at a constant rate, the concentration 
of tubulin at the cell body would have to increase steadily 
to maintain a constant flux of tubulin for growth at the 
growth cone. A constraint on the maximum monomeric 
tubulin concentration in the cell body critically limits the 
length of axon that can grow from the distal end using 
diffusion as a means of tubulin transport. 
One can easily calculate how long an axon can be before 
diffusion fails to supply enough tubulin to the growth cone. 
The estimate requires a few reasonably good assumptions 
and some experimentally derived values. We assume that 
the axon is a cylinder of constant diameter and that diffu- 
sion is the only mechanism that moves tubulin; the flux 
of tubulin can be described by Fick's first law: 
F× = -DaC/ax, 
where Fx is the flux at distance x, D is the diffusion coeffi- 
cient, and aClax is the concentration difference over the 
distance ax (Berg, 1993). If we assume that, for neuronal 
growth, steady-state conditions exist (i.e., for every Sub- 
unit of tubulin made at the cell body, a subunit is assem- 
bled into a microtubule at the growth cone) and that all 
tubulin is assembled into microtubules at the growth cone, 
then the flux of monomeric tubulin at all values of x is a 
constant, and the equation can be integrated to a simple 
linear relationship: 
Cx = -Fx/D + Co, 
where Cx is the tubulin concentration at distance x from 
the cell body, F is the tubulin flux at all points in the axon 
(i.e., for all values of x, flux is constant and equal to F), 
D is the diffusion coefficient, and Co is the concentration 
of tubulin at the cell body. 
The steady-state flux of tubulin is constrained by Fick's 
law, as shown above, and by the monomeric tubulin con- 
centration gradient (Cx - Co), which in turn is constrained 
by the maximum concentration of monomeric tubulin in 
the cell body (Co). The concentration of monomeric tubulin 
in the cell body is constrained because subunits will spon- 
taneously assemble into polymers, which do not diffuse, 
when the concentration is higher than the critical concen- 
tration. The highest concentration of monomeric tubulin 
possible in the cell body is close to the critical concentra- 
tion for tubulin assembly. Those values range from 0.2 to 
1.4 mg/ml for purified tubulin in vitro (Erickson and O'Brien, 
1992; Mitchison and Kirschner, 1984). Hence, for this anal- 
ysis, we assume the maximum concentration of mono- 
meric tubulin in the cell body to be 1.0 mg/ml. This is 
similar to estimates in other cells types (Mitchison and 
Kirschner, 1987). Given this constraint on the maximum 
monomeric tubulin concentration, which limits the steep- 
ness of the concentration gradient, we can estimate the 
length of axon at which diffusion fails to supply enough 
tubulin to maintain the observed growth rates; i.e., a cer- 
tain axonal growth rate requires a certain tubulin flux, de- 
fined as the axonal growth rate multiplied by the number 
of microtubules per cross-sectional area, multiplied by the 
tubulin concentration per length of microtubule. But, this 
flux is limited by the concentration of monomeric tubulin 
in the cell body that must be at or below the critical concen- 
tration for tubulin assembly, as described above. Hence, 
we asked at what axonal length does the flux of tubulin 
generated by diffusion only fail to provide enough tubulin 
to allow the axon to elongate at a given, experimentally 
defined rate. 
We have estimated this length for a number of different 
neurons, as shown in Table 1. The first column shows the 
experimentally measured growth rate. Using the formula 
above, the required tubulin flux for that growth rate was 
calculated and placed in the second column. If we assume 
that all axons have similar diffusion coefficients, then we 
can calculate the length that an axon elongating at the 
measured rate would be when diffusion failed to provide 
sufficient tubulin to maintain that growth rate (third col- 
umn). Finally, in the fourth column we placed the actual 
measured axonal ength at which the growth rate was mea- 
sured. The relationship between axonal length and the 
maximum axonal growth rate allowed by tubulin diffusion 
is shown graphically in Figure 7. It is clear that, for most 
neuronal types, diffusion does not supply enough tubulin 
to maintain a reasonable growth rate. However, for several 
experimental systems, and in particular for the grasshop- 
per Til pioneer and commissural Q1 neuron, the axonal 
lengths are so small that diffusion could allow the axon 
to grow at rates seen in vivo in these systems. Although 
the Til pioneer neuron does grow to at least 500 i~m in 
length, diffusion is plausible even at those lengths, as our 
assumptions only allow for a rough estimate of the maxi- 
mum diffusion allowed for a given axonal length. 
Table 1 also shows growth rates for the two in vitro sys- 
tems that have had microtubule polymer movement di- 
rectly observed during axonal growth. Xenopus motor neu- 
rons in vitro elongate at 60-250 p.m/hr. If one assumes 
an average rate of 155 p.m/hr, then diffusion would fail at 
an axonal length of -8 .5  I~m. As both in vitro and in vivo 
measurements of this growth rate have been done at 
lengths greater than 100 p.m, this would suggest that ac- 
tive tubulin transport is a necessity for these neurons. This 
is consistent with the experimental finding of polymer 
translocation in these neurons. Indeed, as discussed 
above, it may be that the extremely fast growth rates of 
these neurons necessitate polymer transport rather than 
monomer or oligomer transport, but until the kinetics of 
monomer transport have been defined, this is only specu- 
lation. 
Adult mouse DRG cells are highly branched and grow 
at a slower rate. For instance, Okabe and Hirokawa (1992; 
and personal communication) measured a rate of 29 pro/ 
hr. At this growth rate, diffusion could supply enough tu- 
bulin to a distance of - 45 p.m. Given that the approximate 
distance from the cell body to the growth cones was 
around 200 I~m, it is unlikely that diffusion could account 
for tubuiin supply in this system. Since no polymer move- 
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ment  was  seen  in this system,  it seems l ikely that tubul in 
must  be t ranspor ted  in some nonpo lymer ic  form such as 
a monomer  or  o l igomer .  L ike the Xenopus  sys tem and like 
most  ver tebrate  neurons  in v ivo (see Tab le  1), d i f fus ion 
wou ld  fail to supp ly  enough tubul in to mainta in  the mea- 
sured  growth rates. 
In conc lus ion,  it is poss ib le  that  for short,  s lowly growing 
axons  di f fus ion is the mechan ism of  tubul in transport .  
However ,  for most  neurons ,  the rates of  growth are too 
large and/or  the axons  too long, and an act ive t ransport  
mechan ism must  exist. Our  results suggest  that in grass-  
hopper  T i l  neurons  tubul in is not t ranspor ted  as a po lymer  
and that d i f fus ion is a poss ib le  mechan ism for tubul in 
movement  in the ear ly  s tages  of  axona l  growth studied 
here.  To s tudy  other  modes  of  tubul in t ransport ,  it wou ld  
be best  to s tudy  axons  whose  ~engths are greater  than 
the max imum length at which tubul in d i f fus ion can supply  
enough tubul in to account  for growth.  Only  in these axons  
wou ld  we expect  act ive t ranspor t  mechan isms to make 
s igni f icant  contr ibut ions  to tubul in movement  f rom the cell 
body  to the growth cone.  
Experimental Procedures 
Grasshopper Embryos and Dissection 
Schistocerca americana embryos were obtained from the University 
of California, Berkeley grasshopper colony. Eggs at the 31%-34% 
stages of embryonic development were sterilized, and the embryos 
were dissected as previously described (Lefcert and Bentley, 1987). 
The embryos were transferred to a poly-L-lysine-coated coverslip and 
maintained in supplemented RPMI (O'Connor etal., 1990). Briefly, the 
embryos were positioned ventral side down, thus exposing the poste- 
rior aspect of the limb bud. This surface was cut along the long axis 
of the limb, and the sides were unrolled and flattened out onto the 
coverslip. The exposed interior mesodermal cells were removed using 
a suction pipette, leaving the basal lamina, neurons, and epithelium. 
The Til neuronal cell bodies were visualized with differential interfer- 
ence contrast optics using a Nikon invsrted compound microscope. 
Fluorescent Labeling of Tubulin 
Purified bovine brain tubulin was labeled with tetramethylrhodamine 
or bis-caged fluorescein (C2CF) as previously described (Hyman et 
al., 1991; Mitchison, 1989). This process involved covalently linking 
the N-hydroxyl succinimidyl ester of tetramethylrhodamine (#C-1171, 
Molecular Probes, Eugene, OR) or C2CF (a gift of Dr. Tim Mitchison) 
to purified bovine brain tubulin. The labeled tubulin was then subjected 
to two cycles of temperature-dependent assembly/disassembly tose- 
lect for assembly-competent tubulin. The labeled tubulin was stored 
at 20-30 mg/ml in an injection buffer (50 mM K-glutamate, 0.5 mM 
MgCI2 [pH 6.5]) at -80°C. 
Dextran Labeling 
Aminodextrans of various molecular weights (3, 10, 40, 70, and 2000 
kDa) were labeled with bis-caged fluorescein by incubating the dex- 
trans ( -50  mg/ml) with the label (-10-fold excess) in glycerol with 
NaHCO3 (pH 8.3) at room temperature for -3  hr. The reaction was 
quenched with a lO0-fold excess of K-glutamate, and the labeled 
dextrans were run over a G-25 (2000 kDa) or G-10 (3, 10, 40, or 70 kDa) 
Sephadex column (Pharmacia LKB, Uppsala, Sweden). The dextrans 
were collected and dialyzed into injection buffer overnight at 4°C. They 
were then concentrated using a centricon tube (Amicon division of 
W. R. Grace Co., Beverly, MA) to a final concentration of 2-5 mg/ml 
and stored at -80°C. 
Neuronal Labeling 
The Ti 1 neuron cell body was injected with a mixture of rhodamine- and 
C2CF-conjugated bovine tubulin using a pulled, beveled borosilicate 
micropipette. The micropipette was pulled on a Suffer instruments 
P-80 horizontal puller (Sutter Instruments, Novato, CA). The Til neuron 
was visualized under differential interference contrast optics, and the 
cell was injected using a continuous flow pressure injector (Narishige, 
Greenvale, NY). 
Microtubule Imaging and Analysis 
The imaging of the rhodamine- and fluorescein-labeled microtubules 
was carried out using a cooled CCD camera system (Photometrics, 
Tuscon, AZ). The caged fluorescein-tubulin was photoactivated by 
imaging a slit or small aperture onto the axon using the existing micro- 
scope optics and a 100/1.4 lens and then giving a brief (3-10 s) pulse 
of 360 nm light. The neuron was then viewed through either a 20/0.75 
or 60/1.4 Nikon objective on a Nikon inverted compound microscope 
with conventional relay optics connecting the microscope to the CCD 
camera. The microscope projected the image onto a 1320 x 1024 
pixel chip (Kodak KAF-1400), which digitized the image and transferred 
the data to a bulk memory storage device (REO-650 erasable optical 
disc, Pinnacle Micro, Inc., Irvine, CA). The chip, light path shutters, 
and stage focal position were controlled by a Perceptics BioVision 
imaging system (Knoxville, TN) on a Mac IIx computer (Apple Comput- 
ers, Cupertino, CA). Illumination was provided by a 100 W mercury 
lamp, generally in 50-100 ms exposures for rhodamine and 200-500 
ms exposures for uncaged fluorescein. To image the full thickness of 
the growth cone, 1-3 optical sections were usually taken. Clusters of 
sections were usually taken every 15-45 min. On occasion, images 
were taken every 3 s to resolve high frequency events. 
Images were transferred to Optical Disk (Panasonic Corp.), and 
image analysis was carried out using Image-llMetamorph 2.0 (Univer- 
sal Imaging Corp., West Chester, PA) software running in Windows 
(Microsoft Corp., Redmond, WA) on a 486DX2 processor (Intel Corp.). 
Data analysis and curve fitting routines were carried out using Excel 
4.0 (Microsoft) and Origin for Windows 3.0 (Microcal Software Inc., 
Northampton, MA). Images were printed using a Tektronix Phaser 
IISDX dye-sublimation printer (Tektronix Corp., Beaverton, OR). 
Calculation of the required tubulin flux in axons was carried out by 
making a number of reasonable assumptions. First, we used empiri- 
cally derived values for the rate of axonal growth and density of microtu- 
bules per cross-sectional area of axon. Although there is inevitably 
some variability in the density of microtubules in axons, we found, by 
electron microscopic analysis of cross sections of axons from many 
species, including our own measurements in grasshopper, that the 
density averaged at -80  microtubules per square micrometer. The 
required flux can then be calculated assuming 1600 tubulin subunits 
per micrometer of microtubule (Erickson and O'Bden, 1992). 
For our diffusion analysis, we assumed that the highest concentra- 
tion of tubulin in the cell body could be 1.0 mg/ml. This is a generous 
approximation of the critical concentration for tubulin assembly 
(Weisenberg, 1986). If we assume steady-state conditions (i.e., that 
the flux of tubulin is constant for all distances along the axon), then 
the diffusion equation Px = -DaC/Ox can be integrated simply into the 
following relationship: J = DAC/x, where J is the tubulin flux, D is the 
diffusion coefficient, AC is the concentration difference between the 
cell body and growth cone, and x is the length of the axon. If AC is 
set to the critical concentration of tubulin (assuming a tubulin concen- 
tration of zero at the growth cone), then J is the maximum flux for an 
axon of length x. Given that we assume a constant microtubule density 
and a cylindrical axon, the maximum tubulin flux rates determined 
above are linearly related to the maximum allowable growth rates, 
provided diffusion is the only mechanism of tubulin transport. Hence, 
for a given axonal length, one can plot this maximum diffusion- 
allowable growth rate as a function of axenal length (Figure 7). 
References 
Basedow, A. M., and Ebert, K. H. (1979). Production, characterization 
and solution properties of dextran fractions of narrow molecular weight 
distributions. J. Polym. Sci. Polym. Simp. 66, 101-115. 
Bentley, D., and Keshishian, H. (1982). Pathfinding by peripheral pio- 
neer neurons in grasshoppers. Science 218, 1082-1088. 
Bentley, D., and O'Connor, T. P. (1992). Guidance and steering of 
peripheral pioneer growth cones in grasshopper embryos. In The 
Nerve Growth Cone, P. C. Letourneau, S. B. Kater, and E. R. Macagno, 
Neuron 
1256 
eds. (New York: Raven Press), pp. 265-282. 
Berg, H. (1993). Random Walks in Biology, 2nd edition (Princeton, 
New Jersey: Princeton University Press). 
Black, M. M., and Lasek, R. J. (1980). Slow components of axonal 
transport: two cytoskeletal networks. J. Cell Biol. 86, 616-623. 
Bovolenta, P., and Dodd, J. (1990). Guidance of commissural growth 
cones at the floor plate in embryonic spinal cord. Development 109, 
435-447. 
Cullheim, S., Fleshman, J. W., Glenn, L. L., and Burke, R. E. (1987). 
Membrane area and dendritic structure in type-identified triceps surae 
alpha motoneurons. J. Comp. Neurol. 255, 68-81. 
Davies, A. (1987). The growth rate of sensory nerve fibres in the mam- 
malian embryo. Development 100, 307-311. 
Davies, A. (1989). Intrinsic differences in the growth rate of early nerve 
fibers related to target distances. Nature 337, 553-555. 
Erickson, H. P., and O'Brien, E. T. (1992). Microtubule dynamic insta- 
bility and GTP hydrolysis. Annu. Rev. Biophys. Biomol. Struct. 21, 
145-166. 
Grafstein, B., and Forman, D. S. (1980). Intracellular transport in neu- 
rons. Physiol. Rev. 60, 1167-1283. 
Halloran, M. C., and Kalil, K. (1994). Dynamic behaviors of growth 
cones extending in the corpus callosum of living cortical brain slices 
observed with video microscopy. J. Neurosci. 14, 2161-2177. 
Harris, W. A., Holt, C. E., and Bonhoeffer, F. (1987). Retinal axons 
with and without heir somata, growing to and arborizing in the tectum 
of Xenopus embryos: a time-lapse video study of single fibres in vivo. 
Development 101, 123-133. 
Hyman, A., Drechsel, D., Kellogg, D., Salser, S., Sawin, K., Steffen, 
P., Wordeman, L., and Mitchison, T. (1991). Preparation of modified 
tubulins. Meth. Enzymol. 196, 478-485. 
Jacobson, M., and Huang, S. (1985). Neurite outgrowth traced by 
means of horseradish peroxidase inherited from neuronal ancestral 
cells in frog embryos. Dev. Biol. 110, 102-113. 
Karlsson, J.-O., and Sjostrand, J. (1971). Synthesis, migration and 
turnover of proteins in retinal ganglion cells. J. Neurochem. 18, 749- 
767. 
Keith, C. H. (1987). Slow transport of tubulin in the neurites of differenti- 
ated PC12 cells. Science 235, 337-339. 
Lefcort, F., and Bentley, D. (1987). Pathfinding by pioneer neurons in 
isolated, opened and mesoderm-free limb buds of embryonic grass- 
hoppers. Dev. Biol. 119, 466-480. 
Lim, S.-S., Sammak, P., and Borisy, G. (1989). Progressive and spa- 
tially differentiated stability of microtubules in developing neuronal 
cells. J. Cell Biol. 109, 253-263. 
Lira, S.-S., Edson, K., Letourneau, P., and Borisy, G. (1990). A test 
of microtubule translocation during neurite elongation. J. Cell Biol. 
111, 123-130. 
Luby-Phelps, K., Taylor, D. L, and Lanni, F. (1986). Probing the struc- 
ture of cytoplasm. J. Cell Biol. 102, 2015-2022. 
Mitchison, T. J. (1989). Polewards microtubule flux in the mitotic spin- 
dle: evidence from photoactivation of fluorescence. J. Cell Biol. 109, 
637-652. 
Mitchison, T. J., and Kirschner, M. W. (1984). Dynamic instability of 
microtubule growth. Nature 312, 237-242. 
Mitchison, T. J., and Kirschner, M. W, (1987). Some thoughts on the 
partitioning of tubulin between monomer and polymer under conditions 
of dynamic instability. Cell Biophys. 11, 35-55. 
Myers, P. Z., and Bastiani, M. J. (1993). Growth cone dynamics during 
the migration of an identified commissural growth cone. J. Neurosci. 
13, 127-143. 
O'Connor, T. P., and Bentley, D. (1993). Accumulation of actin in sub- 
sets of pioneer growth cone filopodia in response to neural and epithe- 
lial guidance cues in situ. J. Cell Biol. 123, 935-948. 
O'Connor, T. P., Duerr, J., and Bentley, D. (1990). Pioneer growth 
cone steering decisions mediated by single filopodial contacts. J. Neu- 
rosci. 10, 3935-3946. 
Okabe, S., and Hirokawa, N. (1990). Turnover of fluorescently labeled 
tubulin and actin in the axon. Nature 343, 479-482. 
Okabe, S., and Hirokawa, N. (1992). Differential behavior of photoacti- 
vated microtubules in growing axons of mouse and frog neurons. J. 
Cell Biol. 117, 105-120. 
Popov, S., and Poo, M.-M. (1992). Diffusional transport of macromole- 
cules in developing nerve processes. J. Neurosci. 12, 77-85. 
Popov, S., Brown, A., and Poo, M.-M. (1993). Forward plasma mem- 
brane flow in growing nerve processes. Science 259, 244-246. 
Reinsch, S. S., Mitchison, T. J., and Kirschner, M. W. (1991). Microtu- 
bule polymer assembly and transport during axonal elongation. J. Cell 
Biol. 115, 365-379. 
Sabry, J. H., O'Connor, T. P., Evans, L., Toroian-Raymond, A., 
Kirschner, M. W., and Bentley, D. (1991). Microtubule behavior during 
guidance of pioneer neuron growth cones in situ. J. Cell Biol. 115, 
381-395. 
Sawin, K., Theriot, J., and Mitchison, T. J. (1993). Photoactivatable 
fluorescent analogues. In Fluorescent and Luminescent Probes for 
Biological Activity, W. T. Mason, ed. (New York: Academic Press), pp. 
405-419. 
Shatz, C. J., Chun, J. J., and Luskin, M. B. (1988). The role of the 
subplate in the development of the mammalian telencephalon. In Cere- 
bral Cortex, A. Peters and E. G. Jones, eds. (New York: Plenum), pp. 
35-58. 
Sretavan, D. W., and Reichardt, L. F. (1993). Time-lapse video analysis 
of retinal ganglion cell axon pathfinding at the mammalian optic chi- 
asm: growth cone guidance using intrinsic chiasm cues. Neuron 10, 
761-777. 
Tanaka, E., and Kirschner, M. W. (1995). The role of microtubules in 
growth cone turning at substrate boundaries. J. Cell Biol. 128, 127- 
137. 
Vallee, R. B., and Bloom, G. S. (1991). Mechanisms of fast and slow 
axonal transport. Annu. Rev. Neurosci. 14, 59-92. 
Weisenberg, R. C. (1986). Kinetic and steady state analysis of microtu- 
bule assembly. Ann. NY Acad. Sci. 466, 543-551. 
